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METHODS OF REMOVING A CONSTITUENT 
FROMA FEED STREAMUSING 

ADSORPTION MEDIA 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a divisional of U.S. patent application 
Ser. No. 1 1/210,577, filed Aug. 23, 2005, now U.S. Pat. No. 
7,807,606, issued Oct. 5, 2010, and is a continuation-in-part 
of U.S. patent application Ser. No. 10/656,028, filed Sep. 4, 
2003, now U.S. Pat. No. 7,368,412, issued May 6, 2008, the 
entire disclosure of each of which is hereby incorporated 
herein by this reference. This application is also related to 
co-pending U.S. patent application Ser. No. 1 1/941,428, filed 
Nov. 16, 2007 and to co-pending U.S. patent application Ser. 
No. 12/725,142, filed Mar. 16, 2010. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH ORDEVELOPMENT 

This invention was made with government Support under 
Contract No. DE-ACO7-99ID13727 and Contract No. 
DE-AC07-05ID14517 awarded by the United States Depart 
ment of Energy. The government has certain rights in the 
invention. 

TECHNICAL FIELD 

The present invention relates to an adsorption medium that 
may be used to remove an undesirable constituent from a 
water supply. More specifically, the present invention relates 
to an adsorption medium that includes polyacrylonitrile and a 
metal hydroxide or metal oxide, associated apparatus incor 
porating same, and methods of producing and using the 
medium. 

BACKGROUND 

Water Supplies contaminated with arsenic (AS) are a major 
health and environmental concern in the United States and 
worldwide. Arsenic is a naturally occurring element that is 
present in rocks or soils. Over time, the arsenic leaches from 
the rocks or soils into groundwater, Surface water, wells, or 
other sources of drinking water. This arsenic contamination is 
referred to as indigenous arsenic contamination. Arsenic 
contaminated Solutions are also produced in a variety of 
industries, such as mining, agriculture, semiconductor, or 
petroleum industries. These arsenic-contaminated Solutions 
include process Solutions and waste streams. The ingestion of 
significant amounts of arsenic can lead to disastrous effects 
on human health, which has become well documented in parts 
of the Indian subcontinent, where tube wells have replaced 
Surface water as the primary drinking water source. Many of 
the worst cases of arsenic poisoning have occurred in the West 
Bengal area, where AS concentrations in the drinking water 
can exceed 300 parts per billion (ppb). Health problems due 
to the consumption of AS-contaminated water currently affect 
over 70 million people in Bangladesh. However, the delete 
rious consequences of lesser concentrations of AS in drinking 
water are becoming evident in other parts of the world as well, 
e.g., Mexico, Argentina, and Taiwan. In September 2001, a 
National Academy of Science study concluded that eventrace 
amounts of arsenic can cause bladder and lung cancer. 

In 1976, the Environmental Protection Agency (EPA) 
established drinking water standards for arsenic at a maxi 
mum concentration limit (MCL) of 50 g/L or 50 parts per 
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2 
billion (ppb). However, even trace amounts of arsenic have 
been shown to have health risks, which led the EPA to further 
reduce the MCL to 10 ppb. The reduced MCL will be 
enforced in 2006, which provides only a few years for devel 
opment and testing of improved technologies for arsenic 
removal. Because of the health risks and MCL, the total As 
treatment market is expected to eventually exceed a billion 
dollars per year in the U.S. alone. 

It is expected that large cities, which typically have cen 
tralized water treatment facilities, could comply with the new 
MCL for arsenic using existing technologies, such as precipi 
tation or coagulation treatment. However, a pilot-scale testing 
of sorption on activated alumina (AA), coagulation with alum 
or ferric dosage followed by filtration, and ion exchange 
technologies was performed to determine the most feasible 
option for a full-scale treatment plant to be installed in Albu 
querque, N.M. It was estimated that the capital costs would be 
approximately the same for all options. While the operating 
costs of the coagulation approach would be approximately 
60% of the other two methods, for the 2.3 million gallons/day 
facility considered in the study, this still amounts to between 
S0.60 and SO.80 per thousand gallons treated; a cost that must 
be recovered from the customer. 

In addition to the costs associated with Such treatment 
facilities, Small and mid-sized municipalities, as well as rural 
areas, do not have centralized water treatment facilities. 
Rather, they typically use point-of-origin treatment schemes, 
such as chlorination, at the well head prior to distribution. It is 
estimated that over four thousand municipal water Supplies 
and tens of thousands of private drinking water Supplies, 
primarily in the western United States and New England, 
would not meet the new MCL standard of 10 ppb arsenic, 
since the majority of these water Supplies have AS concentra 
tions between 10 and approximately 25 ppb. Under existing 
technologies, these Small and mid-sized municipalities and 
private users would have to build centralized water treatment 
facilities in order to comply with the new MCL. 
Due to a smaller customer base, it is not economically 

feasible for these suppliers to build a conventional treatment 
facility at each point of origin or a centralized treatment 
facility, which would be required for current arsenic removal 
technologies. Thus, a new adsorbent or ion-exchange mate 
rial with a high arsenic removal capacity would provide an 
economical treatment alternative for the small to mid-sized 
Suppliers. For example, a material of this type may be used in 
a packed bed (similar to a water softener) at the well head or 
point of origin to remove arsenic from potable water prior to 
distribution. This approach would provide an arsenic removal 
system that could meet the new MCL, with much lower 
capital and operating cost than that required for a conven 
tional treatment facility. Therefore, new technologies for 
removing arsenic need to be developed to meet the new MCL 
for arsenic. 

Arsenic is present in nature in Valence states or oxidation 
states of +3 and +5. In water Supplies, arsenic contaminants 
typically exist as AS(III) compounds and/or AS(V) com 
pounds. The AS(III) compounds include AS(III) oxyanions or 
oxyacids, such as HASO, or H2AsO.", depending on the pH 
of the water supply. The As(V) compounds include As(V) 
oxyanions, such as H2AsO. or HASO, or oxyacids, such 
as HASO, depending on the pH of the water supply. Under 
atmospheric conditions or an oxidizing environment, AS(V) 
compounds are predominantly present in water Supplies. 
AS(III) compounds are also known as arsenites, while AS(V) 
compounds are known as arsenates. 
Numerous techniques for removing arsenic from water 

Supplies have been proposed and developed. For instance, 
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arsenic removal has utilized anion exchange, cation 
exchange, polymeric anion exchange, liquid-liquid extrac 
tion, activated alumina sorption, coprecipitation, Sorption by 
iron oxide-coated sand particles, enhanced coagulation with 
alum or ferric chloride dosage, ferric chloride coagulation 
followed by microfiltration, pressurized granulated iron par 
ticles, iron oxide doped alginate, manganese dioxide-coated 
sand, polymeric ligand exchange, and Zero-valent iron. These 
techniques primarily rely on ion exchange and Lewis acid 
base interactions to remove the arsenic. 

In U.S. Pat. No. 5,591,346 to Etzel et al., an iron(III)- 
complexed cation exchange resin is disclosed for removing 
arsenic from wastewater or drinking water. The iron(III)- 
complexed cation exchange resin is formed by loading a 
strong acid cation exchange resin with iron ions. The cation 
exchange resin is purchased commercially and then loaded 
with the iron ions. When the iron(III)-complexed cation 
exchange resin is contacted with a stream of wastewater or 
drinking water, the iron ions react with arsenate anions to 
form an iron arsenate Salt complex. The iron arsenate salt 
complex is immobilized on the cation exchange resin, remov 
ing the arsenic from the wastewater or drinking water. 

While many techniques for removing arsenic from water 
Supplies are known, conventional ion exchange resins do not 
provide the specificity to economically remove low concen 
trations of arsenic. Since many water Supplies in the United 
States, such as groundwater, Surface water, or wells, have low 
concentrations of arsenic, these techniques are not effective to 
remove the arsenic. In addition, many of these techniques are 
not selective for arsenic over other ions. To improve the 
selectivity of ion exchange resins for arsenic, granules of 
metal oxides or metal hydroxides, such as ferric hydroxide, 
have also been investigated. While these metal oxide or metal 
hydroxide granules are more selective for arsenic, they have a 
low porosity and, therefore, have a low capacity for arsenic 
and poor kinetic properties. To improve the performance of 
ferric hydroxide, ferric hydroxide has been incorporated into 
organic polymers. For instance, in 'Arsenic Removal Using a 
Polymeric/Inorganic Hybrid Sorbent. DeMarco et al., Water 
Research 37 (2003) 164-176, a hydrated iron oxide is dis 
persed into a polymeric, cation exchange bead. The poly 
meric, cation exchange beads are commercially available and 
include a polystyrene matrix having Sulfonic acid functional 
groups. A sorbent is prepared by loading Fe(III) onto the 
sulfonic acid sites on the cation exchange beads. The Fe(III) 
is then desorbed and Fe(III) hydroxides are simultaneously 
precipitated within the cation exchange beads using a strong 
alkaline Solution, encapsulating the hydrated iron oxides 
within the cation exchange beads. The capacity of the sorbent 
for arsenic is limited by the total number of sulfonic acid sites 
on the cation exchange beads. In this sorbent, the hydrated 
iron oxide is loaded at approximately 0.9% to 1.2% by mass. 
In other words, only 9 mg of iron per gram of sorbent is loaded 
at Saturation. 

In further attempts to improve techniques for removing 
arsenic from water Supplies, anion exchange resin for remov 
ing trace amounts of ions is disclosed in U.S. Pat. No. 4,576, 
969 to Echigo et al. The ion exchange resin includes a phe 
nolic resin and a metal hydroxide. The ion exchange resin is 
formed by incorporating a metal salt or metal oxide into the 
phenolic resin, which is prepared by precondensating a phe 
nol compound with an aldehyde compound and an acid cata 
lyst. The mixture of the metal salt or metal oxide and the 
phenolic resin is then Subjected to a suspension polyconden 
sation reaction in halogenated Solvents. The ion exchange 
resin is isolated from the reaction mixture and treated with an 
alkaline agent to produce a spherical ion exchange resin. 
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4 
However, the foregoing process of preparing this ion 
exchange resin is problematic because it is complicated and 
the halogenated solvents used in the process are difficult to 
dispose of. 

Hence, there is a need in the art for an economical and 
effective means of removing AS from a water Supply. 

BRIEF SUMMARY 

The present invention relates to a method of producing an 
adsorption medium. The method comprises dissolving at 
least one metal compound in a solvent to form a metal solu 
tion. The at least one metal compound may be a metal salt or 
a metal oxide of a divalent, trivalent, or tetravalent metal. The 
metal salt or metal oxide may be a salt or oxide of a transition 
metal, a rare earth metal, a Group III metal, a Group IV metal, 
or a Group V metal. Such as iron, Zirconium, lanthanum, 
cerium, titanium, aluminum, tin, silver, Zinc, mercury, bis 
muth, copper, antimony, tungsten, and molybdenum. The 
active compound is then dissolved or Suspended and a matrix 
compound is added, to form a matrix-metal Solution, which is 
deposited into a quenching bath. In an exemplary embodi 
ment, the matrix compound is polyacrylonitrile (PAN). The 
quenching bath may include an alkaline agent, such as from 
approximately 0.1 M sodium hydroxide to approximately 8 
M sodium hydroxide. The adsorption medium may be pro 
duced by precipitating a metal hydroxide and/or metal oxide 
from the PAN-metal solution/suspension and insolubilizing 
the PAN from the PAN-metal solution/suspension. The 
adsorption medium may also be produced by Suspending a 
metal hydroxide and/or metal oxide in the PAN-metal solu 
tion/suspension and insolubilizing the PAN from the PAN 
metal Solution/suspension. The adsorption medium may 
include solid beads in which the metal hydroxide and/or 
metal oxide is incorporated into the PAN. Alternatively, a 
Support, Such as a filter, may be impregnated with the adsorp 
tion medium. The adsorption medium may include from 
approximately 10% by weight to approximately 85% by 
weight of a metal in the form of an elemental metal and the at 
least one metal hydroxide and/or metal oxide and from 
approximately 15% by weight to approximately 90% by 
weight of the matrix, e.g., PAN. 
The present invention also relates to a method of removing 

a constituent from a feed stream. The method comprises 
providing an adsorption medium having at least one metal 
hydroxide and/or metal oxide dispersed in a matrix, e.g., 
PAN. The adsorption medium may have from approximately 
10% by weight to approximately 90% by weight of a metal in 
the form of an elemental metal and at least one metal hydrox 
ide and/or metal oxide and from approximately 10% by 
weight to approximately 90% by weight of the matrix, such as 
PAN. The adsorption medium is contacted with a feed stream 
comprising at least one constituent, Such as a feed stream 
comprising arsenic, selenium, antimony, or mixtures thereof. 
The adsorption medium is used to remove oxyanions or oxy 
acids of arsenic, selenium, or antimony from the feed stream. 
The adsorption medium may reduce the amount of arsenic 
present in the feed stream to less than approximately 50 parts 
per billion, Such as less than approximately 10 parts per 
billion. 
The present invention also relates to an adsorption medium 

having increased metal loading. In an exemplary embodi 
ment, the adsorption medium comprises a PAN matrix and at 
least one metal hydroxide and/or metal oxide. The adsorption 
medium has from approximately 10% by weight to approxi 
mately 90% by weight of a metal in the form of an elemental 
metal and at least one metal hydroxide and/or metal oxide and 
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on which constituents are present in the feed stream. For the 
sake of example only, one metal mixture may be more specific 
to remove AS(III) compounds, while a second metal mixture 
may have increased specificity for AS(V) compounds. The 
metal mixture may also be tailored to selectively remove 
constituents in the presence of other potentially competing 
anions, such as phosphates or nitrates. 

To produce the adsorption medium 2 having a metal 
hydroxide and/or metal oxide as the active component 6, at 
least one metal compound may be dissolved in a solvent to 
form a metal Solution. The metal compound may be a metal 
salt, a metal oxide, or mixtures thereof. For instance, the 
metal compound may be a salt or an oxide of a divalent, 
trivalent, or tetravalent metal. Such as a salt or an oxide of a 
transition metal, a lanthanide or rare earth metal, a Group III 
metal, a Group IV metal, or a Group V metal. The metal in the 
metal compound may include, but is not limited to, a cation of 
iron, Zirconium, lanthanum, cerium, titanium, aluminum, tin, 
silver, Zinc, mercury, bismuth, copper, antimony, tungsten, or 
molybdenum. The metal oxide may be an oxide, a hydroxide, 
and/or a hydrite of the metal. In one embodiment, the metal 
cation is iron(III), which is provided as an iron salt or as iron 
oxide (e.g., FeO or FeO). In another embodiment, the 
metal cation is iron(III), which is provided as a hydrated iron 
oxide (e.g., ferrihydrite). 
A metal hydrite includes, but is not limited to, hydrated 

iron oxide (also known as hydrous ferric oxide and ferrihy 
drite) compounds with varying degrees of structural order, 
generally named according to the number of broad X-ray 
peaks they exhibit, e.g., two-line and six-line ferrihydrite. An 
exemplary ferrihydrite of the invention has a ratio of Fe:H:O 
of about 1.25:2.25:3.00, proposed formulas include, 
5FeO,9HO or FesHO4H.O.The high surface area of the 
ferrihydrite compounds is believed to be due to the fact that 
they all exhibit relatively low degrees of structural order, with 
the two-line variety being the most amorphous and the six 
line variety being slightly more crystalline. Although the 
structures of these compounds are not fully understood, the 
low degree of crystallinity is generally attributed to vacant Fe 
sites and to the replacement of some oxygen by HO and/or 
OH. 
A metal salt may include, but is not limited to, a chloride, 

an oxychloride, a Sulfate, a nitrate, or an acetate of the metal 
cation. 
As used herein, a “solution” means a solution, a Suspen 

Sion, and a mixture thereof, for example, in one embodiment, 
PAN and the metal compound are dissolved in a solvent to 
produce a PAN-metal solution, whereas in another embodi 
ment, PAN is dissolved in a solvent and the metal compound 
is suspended in the same liquid to produce a PAN-metal 
solution (also referenced as a PAN-metal solution/suspen 
sion). Since a person of ordinary skill in the art will clearly 
recognize whether a particular reference describes a solution, 
a Suspension or a mixture thereof from the context, for the 
purposes of readability and claiming the invention, the term 
'solution” means a solution, a Suspension and/or a mixture of 
a solution and a suspension. Likewise, for the purposes of 
readability and claiming the invention, the term “solvent, as 
used herein, includes a solvent according to the customary 
meaning in the art, as well as the medium in which a particle 
is suspended. 
The solvent used to produce the metal solution may be a 

mineral or inorganic acid or an organic solvent in which the 
metal compound and/or the PAN are soluble. In one embodi 
ment, the solvent is concentrated nitric acid (HNO). In 
another embodiment, the solvent is dimethylsulfoxide 
(DMSO), in which the active compound, e.g., HIO, is sus 
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8 
pended and the PAN is dissolved to form a PAN-metal solu 
tion/suspension. Other solvents include, but are not limited 
to, aprotic polar organic solvents, such as dimethylforma 
mide, dimethylacetamide, DMSO, sulfolane, ethylene car 
bonate, and N-methylpyrrolidone; acids, such as concen 
trated Sulfuric acid; and concentrated aqueous Solutions of 
certain inorganic salts, such as lithium bromide, Sodium thio 
cyanate, and Zinc chloride. To achieve a maximum concen 
tration of the metal hydroxide or metal hydrite in the adsorp 
tion medium 2, the metal compound may be dissolved or 
Suspended in the metal solution in an amount Sufficient to 
provide maximum solubility and/or to achieve a fine particu 
late Suspension or slurry. In other words, a saturated Solution 
or Suspension of a metal compound in the solvent may be 
produced. 

For the sake of example only, if the metal hydroxide on the 
adsorption medium 2 is ferric hydroxide (FeC(OH)), 
approximately 70 g/L of iron (as a salt or oxide of iron, Such 
as iron oxide (FeO)), may be dissolved in the solvent. If a 
maximum concentration of the metal hydroxide is not desired 
in the adsorption medium 2, the amount of the metal com 
pound in the metal Solution may be decreased from the maxi 
mum solubility to provide a desired concentration. 
The PAN may be dissolved in the metal solution to form a 

PAN-metal solution. The PAN may be dissolved in the metal 
solution from approximately 3% by weight (wt %) to 
approximately 25 wt %. As previously described, PAN is an 
inert substrate that is readily formed into spherical beads and 
provides a high Surface area adsorption medium 2 in combi 
nation with the metal hydroxide and/or metal oxide. How 
ever, additional polymers having these properties may be 
used as the matrix 4, as long as the polymer is soluble in the 
solvent used in the metal solution. The polymer may also be 
compatible with the metal compound used in the metal solu 
tion. The PAN may be added to the metal solution with slight 
agitation and heating to dissolve the PAN. 

Various techniques may be used to produce the adsorption 
medium 2 from the PAN-metal solution. Solid beads of the 
adsorption medium 2 may be formed by spraying the PAN 
metal Solution through an air/noZZle device into a quenching 
bath. The air/nozzle device may be a conventional spray 
nozzle that is adjusted to form droplets of a desired size. The 
droplets Solidify into beads when they contact the quenching 
bath, for example, by diluting the solvent. The air/nozzle 
device may also utilize air, or an inert gas (e.g., nitrogen) to 
accelerate formation or release of the droplets. The droplet 
size, and/or bead size, can be adjusted to achieve a desired 
range, for example, by using the appropriate diameter nozzle 
and adjusting the air or nitrogen flow rate. In one embodi 
ment, the distance from the nozzle to the quenching bath is 
adjusted to allow the droplets to assume a spherical shape 
prior to entering the quenching bath. The quenching bath 
preferably causes the PAN from the PAN-metal solution/ 
Suspension to precipitate and incorporate the metal hydroxide 
and/or metal oxide. The quenching bath may also cause the 
metal hydroxide and/or metal oxide to precipitate from the 
PAN-metal solution/suspension and become incorporated 
into the PAN. The quenching bath may be an aqueous solu 
tion; for example, in one embodiment, the quenching bath 
comprises an alkaline aqueous solution that includes an alka 
lineagent, such as sodium hydroxide or potassium hydroxide, 
and in another embodiment, the quenching bath comprises 
deionized water. The concentration of an alkaline agent in the 
alkaline Solution may range from approximately 0.1 M to 
approximately 8 M. Desirably, the concentration of the alka 
lineagent ranges from approximately 0.5M to approximately 
6 M. More desirably, the concentration of the alkalineagentis 
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approximately 1 M. The quenching bath may be constantly 
stirred while the PAN-metal solution/suspension is sprayed 
into it. 

In an exemplary embodiment, the alkaline agent in the 
quenching bath may cause the metal compound in the drop 
lets of the PAN-metal solution/suspension to dissociate into a 
metal cation and an anion. Upon contact with the quenching 
bath, the metal cation reacts with the alkaline solution to form 
the metal hydroxide, which is water-insoluble. Simulta 
neously, the PAN in the droplets becomes insoluble in the 
quenching bath, forming Solid beads that have the metal 
hydroxide incorporated into the PAN. 

The metal compound, e.g., metal hydroxide, metal oxide, 
and/or metal hydrite, may be homogenously dispersed within 
the PAN. The quenching bath is used to dilute, remove, and/or 
neutralize the solvent in the droplets, causing the PAN to 
become insoluble and solidify. Since the active component 6 
of the adsorption medium 2 may be produced from a metal 
oxide or metal salt during the formation of the adsorption 
medium 2, the adsorption medium 2 may have an increased 
metal loading compared to the metal loading in conventional 
ion exchange resins. The metal loading of the adsorption 
medium 2 may be up to approximately fifty times the metal 
loading achieved with conventional ion exchange resins. In 
one embodiment where ferric hydroxide is the active compo 
nent 6, the metal loading of the adsorption medium 2 ranges 
from approximately 250 mg of iron per gram of the adsorp 
tion medium 2 to approximately 300 mg of iron per gram of 
the adsorption medium 2. With the increased loading, the 
Solid beads may have an increased capacity for the constitu 
ents compared to the capacity of conventional ion exchange 
resins. The solid beads may include from approximately 10 
wt % to approximately 90 wt % of the metal in the form of an 
elemental metal, metal hydroxide and/or metal oxide. The 
solid beads having the metal hydroxide and/or metal oxide 
incorporated into the PAN are removed from the quenching 
bath, rinsed, dried, and screened to obtain a desired size 
fraction of the solid beads. The solid beads may have the 
metal hydroxide and/or metal oxide incorporated into, or 
physically trapped in, the matrix 4. In one embodiment, the 
solid beads may include at least approximately 50 wt % of the 
metal in the form of the elemental metal, metal hydroxide 
and/or metal oxide, such as approximately 85 wt % metal 
hydrite. For the sake of example only, if iron oxide is used as 
the metal compound, the resulting Solid beads may include at 
least 50 wt % iron in the form of Fe(III) and/or Fe0(OH). 
The solid beads may include PAN. For instance, the solid 

beads may include from approximately 15 wt % to approxi 
mately 90 wt % of the PAN. If the solid beads include a 
mixture of metals, the PAN may be present from approxi 
mately 10wt % to approximately 20 wt %, including 12 wt %. 
The solid beads may include from approximately 50 wt % to 
approximately 90 wt % of the metal in the form of an elemen 
tal metal, metal hydroxide and/or metal oxide. In one embodi 
ment, the solid beads include approximately 25 wt % to 
approximately 30 wt % of Fe(III), which equates to approxi 
mately 40 wt % to approximately 60 wt % as FeC(OH), and 
approximately 40 wt % to approximately 50 wt % PAN. In 
another embodiment, the solid beads include approximately 
85 wt % ferrihydrite and approximately 15 wt % PAN, and 
may have a final Surface area of greater than approximately 
200 m/g, more preferably having a final surface area of 
approximately 280 m/g to approximately 300 m/g. Such 
Solid beads have good mechanical properties, which make 
them valuable in the operation of a fixed-bed. Since PAN, in 
the absence of a metal hydroxide or metal oxide, produces a 
bead having a surface area of approximately 20 m/g, the final 
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10 
surface area of the PAN-metal hydroxide and/or PAN-metal 
oxide will be decreased relative to metal hydroxide and/or 
metal oxide in relation to the percentage of PAN in the PAN 
metal hydroxide and/or PAN-metal oxide. 

In one exemplary embodiment, a metal compound that 
may be precipitated from the PAN-metal solution, may affect 
the shape and metal loading of the solid beads that are formed. 
The precipitation rate of the active component may be 
adjusted by adjusting the concentration of the metal Solution 
or the alkaline agent in the aqueous alkaline solution of the 
quenching bath. For example, if the concentration of the 
alkaline agent is high, a metal hydroxide may precipitate 
quickly and the Solid beads may not be sufficiently spherical. 
However, loading of the metal hydroxide on the solid beads 
may be increased. In contrast, if the concentration of the 
alkaline agent is low, the metal hydroxide precipitates slowly 
and forms spherical, solid beads. However, these solid beads 
may have a decreased loading of the metal hydroxide. 
A rate at which the active component precipitates from a 

Solution, may affect the shape and size of the precipitate. The 
precipitation rate of the active component, e.g., ferric hydrox 
ide or HIO, may be adjusted by adjusting the pH of the 
Solution, e.g., the concentration of the alkaline agent in an 
aqueous solution. For example, if the concentration of the 
alkalineagent in the solution is high, the metal hydroxide may 
precipitate quickly and the Solid beads may not have the 
desired surface area. 

In another exemplary embodiment, the matrix, e.g., PAN, 
that is precipitated from the PAN-metal solution/suspension 
may affect the shape and metal loading of the solid beads that 
are formed. The precipitation rate of the matrix may be 
adjusted using methods known in the art so as to produce a 
Solid bead that is Sufficiently spherical and/or having optimal 
loading of the ferric hydroxide or HIO. 

Further, the adsorption medium 2 may be impregnated onto 
a Support, Such as a filter, disc, or membrane. The Support may 
be a fibrous material. Such as a glass wool fiber. A pressure 
differential. Such as a vacuum, may be applied on one side of 
the filter. The PAN-metal solution/suspension may be applied 
to the high pressure side of the pressure differential. The 
pressure differential causes the PAN-metal solution/suspen 
sion to flow into, and impregnate, the filter. The impregnated 
filter may be immersed in a water bath to dilute, remove, or 
otherwise neutralize the solvent. Diluting the solvent of the 
PAN-metal solution/suspension may cause the PAN to 
solidify in the support. For instance, the PAN may solidify, 
forming a filter disk or a filter medium that includes the PAN 
and the metal hydroxide and/or metal oxide. In other words, 
the impregnated Support may include the metal hydroxide 
and/or metal oxide (e.g., metal hydrite) incorporated into, or 
physically trapped in, the PAN. The adsorption medium 2 
may also be used in a cartridge-type treatment device or 
apparatus. 
The cartridge-type treatment device may be threaded onto 

or otherwise configured for attachment to a water source, for 
example, a sink tap or hand-pump water tap. In another 
approach, a small bed of the adsorption medium 2 may be 
used to treat the water for a single home, e.g., in a manner 
similar to a water softener. Such a system enables arsenic 
removal at the point-of-use (POU) or point-of-entry (POE), 
without treating the entire water Supply. Optionally, activated 
carbon, either packed within a separate cartridge, or within 
the same cartridge, may be combined with the adsorption 
medium 2. Cartridge devices, which may be configured in a 
detachable and attachable manner to a water source, are 
known in the art, see, for example, U.S. Pat. Nos. 6,881.333, 
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6,881,327, 6,641,719, 6,656,350, 4,039,444, and 6,290,848, 
the disclosure of each of which is incorporated herein in its 
entirety. 
The loading of the metal in the adsorption medium 2 and, 

therefore, the concentration of the metal hydroxide and/or 
metal oxide in the adsorption medium 2 may be limited by the 
solubility of the metal when forming a metal solution. In an 
exemplary embodiment, during formation of the adsorption 
medium 2, the PAN and the metal cation are each present at 
the same time in a liquid state. Since the PAN and the metal 
hydroxide and/or metal oxide in this embodiment are formed 
into the adsorption medium 2 at the same time and do not 
require active sites in the matrix compound, the concentration 
of the metal hydroxide and/or metal oxide in the adsorption 
medium 2 is not limited by the number of active sites on the 
adsorption medium 2. In contrast, the metal loading in con 
ventional ion exchange resins, where the metal is added to a 
preformed ion exchange resin, is limited by the number of 
active sites on the ion exchange resin. Therefore, the adsorp 
tion medium 2 of the present invention may have a metal 
loading capacity approximately 70 times higher than that of 
conventional ion exchange resins. The adsorption medium 2 
may also have enhanced surface area and porosity, which 
provides the adsorption medium 2 with an increased removal 
capacity for the constituents compared to conventional ion 
exchange resins. In addition, the adsorption medium 2 may be 
selective for certain constituents, such as arsenic, in the pres 
ence of other potentially competing anions. Such as phosphate 
or nitrate. 

To produce the adsorption medium 2 having a metal 
hydroxide and/or metal oxide (e.g., metal hydrite) as the 
active component 6, the metal hydrite may be prepared by 
dissolving an Fe salt (typically Fe(NO)-9HO or FeCl 
6H2O) in deionized water at room temperature and titrating 
the solution with constant stirring to a pH of approximately 
6.5, for example, using a caustic solution (typically NaOH). 
The titration is preferably done slowly to avoid local concen 
trations of high pH (-0.8 MOH/M Fe/min.). A fine precipi 
tate of brown ferrihydrite nanoparticles was produced. The 
solid ferrihydrite particles were recovered and dried, e.g., 
overnight at 40° C. The dry ferrihydrite particles may be 
ground to break up visible aggregates. Typically, it is not 
necessary to mill or otherwise vigorously grind the particles, 
it being Sufficient to break up the larger aggregates, which 
facilitates bead formation (spraying). The ferrihydrite par 
ticles and matrix 4 may be dispersed and dissolved, respec 
tively, in an organic solvent to form a PAN-metal solution/ 
Suspension. For the sake of example only, the organic solvent 
may be DMSO. Solid beads that include PAN and the metal 
hydroxide and/or metal oxide may be formed by spraying the 
PAN-metal solution/suspension through an air/nozzle device 
into a quenching bath, as previously described, for example, 
deionized water (e.g., forming a hydrated iron oxide (HIO)- 
PAN). The solid beads are removed from the quenching bath, 
rinsed, and dried. Optionally, the solid beads may be screened 
to obtain a desired size fraction of the solid beads. 

The adsorption medium 2 of the present invention may be 
used to remove oxyanion or oxyacid constituents of arsenic, 
Selenium, or antimony from the feed stream 8, as shown in 
FIG. 2. As previously described, the feed stream 8 includes at 
least one of these constituents. The feed stream 8 may be a 
drinking water source or an industrial water stream that is 
contaminated with at least one of the constituents. Forsake of 
example only, the adsorption medium 2 may be used to 
remove AS(III) oxyacids. Such as HASO or HASO, or 
AS(V) oxyanions or oxyacids, such as HASO, HASO, or 
HASO. The feed stream 8 may be passed through the 
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12 
adsorption medium 2 to remove the arsenic before the feed 
stream 8 is distributed to users as potable water. The adsorp 
tion medium 2 has the capability of removing a substantial 
portion of the arsenic, even when the arsenic is present in the 
feed stream 8 at a low concentration. Since the adsorption 
medium 2 has a high capacity for the constituents, the feed 
stream 8' that exits the adsorption medium 2 may be substan 
tially free of the constituents. In other words, the feed stream 
8' is Substantially free of arsenic, selenium, or antimony and, 
therefore, may be (in the absence of other contaminants) a 
potable water Supply. 
To remove the oxyanion or oxyacid constituents of arsenic, 

Selenium, or antimony, the feed stream 8 may be passed 
through the adsorption medium 2 in a single pass operation. 
When these constituents contact the metal hydroxide and/or 
metal oxide in the adsorption medium 2, a metal complex of 
the constituent may be formed. For the sake of example only, 
if the feed stream 8 includes arsenic oxyanions or oxyacids 
and is passed overan adsorption medium 2 that includes ferric 
hydroxide, the metal complex may be an iron arsenate salt 
complex or an iron arsenite salt complex. The metal complex 
is immobilized on the adsorption medium 2 and, therefore, 
the constituent is removed from the water, e.g., drinking water 
or wastewater. When the adsorption medium 2 is loaded with 
the metal complexes of the constituents to a maximal capac 
ity, the adsorption medium 2 may be removed and disposed 
of such as in a landfill. It is believed that the adsorption 
medium 2 loaded with the metal complexes of the constitu 
ents may meet criteria of the Toxicity Characterization 
Leaching Procedure (TCLP) and, therefore, may be disposed 
of. However, the adsorption medium 2 may also be regener 
ated and reused by treating the adsorption medium 2 loaded 
with the metal complexes with an alkaline solution. 

In one embodiment, the adsorption medium 2 may be used 
to remove or reduce indigenous arsenic contamination in the 
feed stream 8 to make the water supply potable. For instance, 
the adsorption medium 2 may be used to remove arsenic from 
feed stream 8 having an arsenic concentration of less than 
approximately 50 ppb. The adsorption medium 2 may be used 
to reduce the concentration of arsenic to a concentration of 
less than approximately 10 ppm. Since the adsorption 
medium 2 provides a large Surface area and a consequent 
increased capacity for arsenic, large Volumes of the feed 
stream 8 may be passed through the adsorption medium 2 
before the adsorption medium 2 is loaded to a maximal capac 
ity with the arsenic complexes. Assuming the feed stream has 
an As concentration of 15 ppb and two beds in series such that 
the first may be utilized to capacity, one liter of the adsorption 
medium 2 may be used to treat from approximately 30,000 
bed volumes to approximately 400,000 bed volumes of the 
feed stream 8, for example, HIO-PAN may be used to process 
approximately 300,000 to 400,000 bed volumes of the feed 
stream 8. However, the adsorption medium 2 may also be 
used to remove arsenic from the feed stream 8 having an 
arsenic concentration of greater than 50 ppb. The adsorption 
medium 2 may also be used to treat or remediate contami 
nated surface waters or effluents produced by industrial 
activities. 
An estimate of the ability of the HIO-PAN technology to 

provide arsenic removal, resulted in an estimated treatment 
cost of approximately S0.10 to S0.15 per thousand gallons 
treated (including capital and operating costs). Thus, the esti 
mated treatment cost for HIO-PAN, which must be recovered 
from the consumer, yielded an estimated reduction in the cost 
associated with the current technology of at least a factor of 4 
or 5. 
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To effectively remove the constituents, a pH of the feed 
stream 8 may beat least approximately 6. For instance, the pH 
of the feed stream 8 may range from approximately 6 to 
approximately 8.5. In one embodiment, the pH of the feed 
stream 8 may be maintained at at least approximately 6 so that 
the constituents to be removed are present as oxyanions or 
oxyacids. In another embodiment, the pH of the feed stream 
8 is maintained at or below the isoelectric point or point of 
Zero charge (PZC) for the active compound, e.g., below the 
PZC of HIO, which is approximately pH 8.3 to 8.5, where 
HIO possesses a net positive charge and exhibits anion 
exchange properties. The HIO-PAN has been shown to 
adsorb arsenic at a pH of 8.3. 
The adsorption medium 2 may be packed into a bed 10 that 

is used at the well head or other point of origin of a water 
supply. Packedbeds 10 are known in the art and, therefore, the 
formation of the packed bed 10 is not described in detail 
herein. The packed bed 10 may include a housing within 
which the adsorption medium 2 is contained. In one embodi 
ment, spherical beads of the adsorption medium 2 are packed 
so that sufficient spaces are present between the spherical 
beads to allow the feed stream 8 to pass through the packed 
bed 10. Once the feed stream 8 has passed through the packed 
bed 10 and the constituents are removed, the feed stream 8 
may be distributed as potable water. Since the packed bed 10 
is easily formed, the adsorption medium 2 may be an easy and 
economical way for Small and mid-sized municipalities and 
other smaller-volume water users to remove the constituents 
from the feed stream 8. More specifically, the adsorption 
medium 2 may be used to remove arsenic contaminants in the 
feed stream 8 to a concentration below the newly reduced 
MCL. The arsenic may be removed at a lower capital and 
operating cost than is required to establish a centralized water 
treatment facility. 

EXAMPLES 

Example 1 

Preparation of Solid Beads Having Ferric Hydroxide 
Incorporated in a PAN Matrix 

Solid beads of the adsorption medium 2 were prepared by 
dissolving approximately 70 g/L of iron oxide into concen 
trated nitric acid to form a metal solution. PAN was then 
dissolved in the metal solution to form a PAN-metal solution 
having approximately 3 wt % to approximately 5 wt % PAN. 
The PAN-metal solution was then sprayed through an air/ 
noZZle device into an alkaline quenching bath having 3 M 
NaOH to form the solid beads. The solid beads were removed 
from the alkaline quenching bath, rinsed with ethanol, dried 
at a temperature of approximately 60° C., and screened to 
obtain a desired size fraction of the solid beads. Solid beads 
having PAN and ferric hydroxide were produced. The solid 
beads had approximately 30% Fe(III). 

Example 2 

Determination of Equilibrium Arsenic Capacity 

The solid beads described in Example 1 were tested to 
determine equilibrium arsenic capacity at various feed con 
centrations. A known weight of the Solid beads was contacted 
with a water sample having a specific arsenic concentration. 
Contacts between the solid beads and the water sample were 
repeated using different weights of the solid beads to obtain a 
plot of equilibrium arsenic concentration in the Solid phase 
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14 
Versus equilibrium arsenic concentration in the liquid phase. 
These plots are referred to as equilibrium isotherms. FIG. 3 
shows iron loadings ranging from 30 wt % to 70 wt %. These 
equilibrium isotherms provide data at or near the low arsenic 
concentrations that existin potable water in the United States. 
As FIG.3 shows, at 70% iron loading, the adsorption medium 
2 provides an arsenic loading of approximately 3 mg/g with 
20 ppb arsenic in the feed stream 8. Since the concentration of 
arsenic is very low in the feed stream 8, there is a correspond 
ingly low concentration gradient or driving force for mass 
diffusion into the solid phase. Therefore, 3 mg/garsenic in the 
Solid phase is quite high. 

Example 3 

Preparation of HIO 

Preparation of the high surface area HIO is dependent upon 
the synthesis conditions. Therefore, in one embodiment, Fe 
salt (typically Fe(NO)-9HO or FeC1-6H2O) was dis 
solved in deionized water at room temperature. The solution 
was titrated to a pH of about 6.5 with a caustic solution 
(typically NaOH) with constant stirring. The titration is pref 
erably done slowly to avoid local concentrations of high pH 
(for example, 0.8 MOH/M Fe/min.). This produced a fine 
precipitate of brown ferrihydrite nanoparticles. The solids 
were recovered and dried overnight at 40°C. The dry solids 
were ground to break up visible aggregates. It was not nec 
essary to mill or otherwise vigorously grind the particles; 
simply breaking up the larger aggregates to facilitate bead 
formation (spraying) was sufficient. 
HIO nanoparticles having surface areas of the dried aggre 

gate consistently ranging from approximately 325 m/g-350 
m/g were reproducibly synthesized using the present 
method. 

Example 4 

Preparation of HIO-PAN 

Preparation of the PAN-metal solution/suspension was ini 
tiated by adding the HIO particles to 99.9% DMSO at a 
weight:volume ratio of about 10 g HIO:150 mL DMSO. The 
PAN fibers were then added to the HIO/DMSO metal Solu 
tion/suspension at a mass ratio of about 1:5, PAN:HIO, 
respectively, and heated to ~90° C. until no visible fibers 
remained. Once the PAN fibers were dissolved, constant stir 
ring or mixing with slight heat (~40°C.) is generally neces 
sary to maintain a fine Suspension of the HIO particles. As 
will be recognized by a person of ordinary skill in the art, as 
long as the specified ratios are held constant, the total 
amounts can be scaled to the desired batch size. 

Solid beads of the adsorbent medium were formed by 
spraying the HIO-PAN solution/suspension through an air/ 
nozzle device into a stirred quenching bath of deionized 
water. The droplets solidified into beads upon contacting the 
quenching bath. Thus, the water volume of the bath should be 
large enough to sufficiently dilute the DMSO and produce the 
water-insoluble polymer beads. After the beads were formed 
in the quenching bath, they were allowed to continue circu 
lating in the stirred bath for approximately 30 minutes. The 
adsorbent beads were collected and rinsed well with deion 
ized water to remove excess DMSO, then dried overnight at 
40° C. Once dry, the adsorbent beads can be sieved or other 
wise separated into size fractions if desired. The beads are 
preferably stored dry in an airtight container until ready for 
SC. 
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This resulted in the production of an inexpensive HIO-PAN 
composite adsorbent with approximately 85% HIO mass 
loading and a final Surface area of between approximately 280 
m/g and approximately 300 m/g. The loading of the HIO 
active phase is at least three to five times higher than the ferric 
hydroxide produced in Example 1 and the method preserves 
the high Surface area needed for maximum arsenic removal. 
The 15% polymer content resulted in a macroporous bead 
having good mechanical properties desirable for operation in 
a fixed-bed. In addition, a 12% polymer content also resulted 
in a macroporous bead having good mechanical properties. 

Example 5 

Determination of Equilibrium Arsenic Capacity for 
HIO-PAN 

Tests were performed to estimate the equilibrium arsenic 
loading of the new composite at the very low concentrations 
of interest (see, FIG. 6). More specifically, groundwater from 
S.E. Idaho was spiked with additional arsenate and AS-73, a 
tracer to facilitate analysis. As illustrated in FIG. 6, the results 
of these tests indicate the HIO-PAN has a loading capacity of 
7.5 mg to 10 mg AS/g Sorbent at the low AS concentrations 
found in U.S. groundwater. Equilibrium studies have shown 
the material removal factor (Kd) for arsenate to be approxi 
mately 4x10° at the expected initial concentrations in U.S. 
groundwater, which is substantially higher than any currently 
available technology. 

In addition, batch contacts have been performed to dem 
onstrate the effectiveness of a caustic regeneration cycle on 
the surface area and the efficacy of arsenic removal from the 
resin. These regeneration experiments have shown that the 
material can be successfully regenerated without adversely 
affecting the adsorbent Surface area. 

Example 6 

Optional Cartridge Design for POU 

A portion of the cartridge consists of a small bed of acti 
vated carbon (approximately 4 cm in diameterx4 cm in 
length) followed by a small bed of HIO-PAN adsorbent (ap 
proximately 4 cm in diameterx4 cm in length). The activated 
carbon granules are held separate from the HIO-PAN beads 
by a thin porous membrane or in a separate cartridge that is 
configured to be connected to a cartridge containing the HIO 
PAN adsorption medium. The adsorbent beds and/or porous 
membrane are enclosed within a cylindrical plastic housing 
of the cartridge, which may be threaded on one end for attach 
ment and detachment to a conventional water faucet (FIG. 7). 
In one embodiment, water would first flow through the acti 
vated carbon bed to remove various non-toxic compounds 
responsible for poor taste and also function as a pre-filter to 
the HIO-PAN bed, thus extending the life of this material. The 
water then passes through the porous membrane and into the 
HIO-PAN bed where arsenic is removed, resulting in con 
taminant-free water at the cartridge outlet. The cartridge may 
also be constructed with a bypass valve that enables the sor 
bent beds to be bypassed when water is desired for purposes 
other than consumption. 

Based upon a HIO-PAN bed dimension of 4 cm by 4 cm, it 
is estimated that the cartridge device is capable of removing 
arsenic from potable water to less than 10 ppb for over two 
years for an average sized family of four. However, the actual 
life of the cartridge for a given application is a direct function 
of the arsenic concentration in the influent water and the size 
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of the bed selected for commercial fabrication. As will be 
recognized by a person of ordinary skill in the art, the car 
tridge may be replaced when the design life is reached or 
when the media becomes clogged and the flow rate becomes 
undesirably low. The HIO-PAN material binds the arsenic 
and should pass TCLP testing. Therefore, the spent cartridge 
requires no special handling for disposal and may be disposed 
of in a sanitary landfill, i.e., simply discarded. 

In another embodiment, the cartridge is sized accordingly 
to the water Supply demands and attached at any point in the 
private water delivery system for POE treatment. For 
example, a cartridge-type device may be installed at the main 
water inlet for a home or business. In yet another exemplary 
embodiment, the cartridge may be configured to attach to a 
hand-pump device, such as those typically used in third world 
countries to draw water from tube wells. In this embodiment, 
the invention provides a cheap and easy method for removing 
arsenic from the myriad of arsenic-contaminated drinking 
water wells located throughout the Indian subcontinent. 

While the invention may be susceptible to various modifi 
cations and alternative forms, specific embodiments have 
been shown by way of example in the drawings and have been 
described in detail herein. However, it should be understood 
that the invention is not intended to be limited to the particular 
forms disclosed. Rather, the invention is to cover all modifi 
cations, equivalents, and alternatives falling within the spirit 
and scope of the invention as defined by the following 
appended claims. 
What is claimed is: 
1. A method of removing a constituent from a feed stream, 

comprising: 
providing an adsorption medium comprising a polyacry 

lonitrile matrix and a metal hydrite homogenously dis 
persed in the polyacrylonitrile matrix, the adsorption 
medium having from approximately 70% by weight to 
approximately 90% by weight of the metal hydrite, and 
from approximately 10% by weight to approximately 
30% by weight of the polyacrylonitrile; 

contacting the adsorption medium with a feed stream com 
prising at least one constituent; and 

removing the at least one constituent from the feed stream. 
2. The method according to claim 1, wherein contacting the 

adsorption medium with a feed stream comprising at least one 
constituent comprises contacting the adsorption medium 
with a feed stream comprising at least one constituent 
selected from the group consisting of arsenic, selenium, and 
antimony. 

3. The method according to claim 1, wherein contacting the 
adsorption medium with a feed stream comprising at least one 
constituent comprises contacting the adsorption medium 
containing a metal hydrite having a surface area of between 
approximately 300 m/g and approximately 375 m/g with 
the feed stream comprising the at least one constituent. 

4. The method according to claim 1, wherein removing the 
at least one constituent from the feed stream comprises reduc 
ing an amount of arsenic in the feed stream to less than 
approximately 10 parts per billion. 

5. A method of removing a constituent from a feed stream, 
comprising: 

passing a feed stream comprising at least one constituent 
through an absorption medium comprising at least one 
metal hydrite in a polyacrylonitrile matrix; and 

removing at least a portion of the at least one constituent 
from the feed stream. 

6. The method of claim 5, wherein passing a feed stream 
comprising at least one constituent through an absorption 
medium comprises passing the feed stream through the 
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absorption medium comprising the at least one metal hydrite 
having a surface area of between approximately 300 m/g and 
approximately 375 m/g dispersed in the polyacrylonitrile 
matrix. 

7. The method of claim 5, wherein passing a feed stream 
comprising at least one constituent through an absorption 
medium comprises passing the feed stream through an 
absorption medium comprising a ferrihydrite in the polyacry 
lonitrile matrix. 

8. The method of claim 5, wherein passing a feed stream 
comprising at least one constituent through an absorption 
medium comprises passing the feed stream through an 
absorption medium comprising at least one of 5Fe2O.9H2O 
and FesHO.4H2O in the polyacrylonitrile matrix. 

9. The method of claim 5, wherein removing at least a 
portion of the at least one constituent from the feed stream 
comprises removing at least one of arsenic, selenium, and 
antimony from the feed stream. 

10. The method of claim 5, wherein passing a feed stream 
comprising at least one constituent through an absorption 
medium comprises passing the feed stream having a pH of at 
least approximately 6 through the absorption medium. 

11. The method of claim 5, wherein passing a feed stream 
comprising at least one constituent through an absorption 
medium comprises passing the feed stream having a pH of 
from approximately 6 to approximately 8.5 through the 
absorption medium. 

12. A methodofremoving a constituent from a feed stream, 
comprising: 

contacting a plurality of beads comprising at least one 
metal hydrite in a polyacrylonitrile matrix with a feed 
stream comprising at least one constituent; and 

removing at least a portion of the at least one constituent 
from the feed stream. 
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13. The method of claim 12, wherein contacting a plurality 

of beads comprising at least one metal hydrite in a polyacry 
lonitrile matrix with a feed stream comprises contacting the 
plurality of beads comprising the at least one metal hydrite in 
the polyacrylonitrile matrix with the feed stream, each of the 
plurality of beads having a Surface area of between approxi 
mately 200 m/g and approximately 325 m/g. 

14. The method of claim 12, wherein contacting a plurality 
of beads comprising at least one metal hydrite in a polyacry 
lonitrile matrix with a feed stream comprises contacting the 
plurality of beads comprising a ferrihydrite in the polyacry 
lonitrile matrix with the feed stream. 

15. The method of claim 12, wherein contacting a plurality 
of beads comprising at least one metal hydrite in a polyacry 
lonitrile matrix with a feed stream comprising at least one 
constituent comprises contacting the plurality of beads with 
the feed stream having a pH at or below the isoelectric point 
or point of Zero charge of the at least one metal hydrite. 

16. The method of claim 12, wherein contacting a plurality 
of beads with a feed stream comprising at least one constitu 
ent comprises contacting the plurality of beads with a drink 
ing water Source comprising the at least one constituent oran 
industrial water stream comprising the at least one constitu 
ent. 

17. The method of claim 12, wherein contacting a plurality 
of beads with a feed stream comprising at least one constitu 
ent comprises contacting the plurality of beads with ground 
water, Surface water, or well water comprising the at least one 
constituent. 

18. The method of claim 12, wherein contacting a plurality 
of beads with a feed stream comprising at least one constitu 
ent comprises contacting the plurality of beads with a process 
Solution or a waste stream comprising the at least one con 
stituent. 
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